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Abstract. We have studied low-temperature magnetic properties as well as high-temperature
lithium ion diffusion in the battery cathode materials LixNi1/3Co1/3Mn1/3O2 by the use of
muon spin rotation/relaxation. Our data reveal that the samples enter into a 2D spin-glass
state below TSG ≈ 12 K. We further show that lithium diffusion channels become active for
T ≥ Tdiff ≈ 125 K where the Li-ion hopping-rate [ν(T )] starts to increase exponentially. Further,
ν(T ) is found to fit very well to an Arrhenius type equation and the activation energy for the
diffusion process is extracted as Ea ≈ 100 meV.
1. Introduction
One of the main obstacles for a general breakthrough of electric automobiles is the development
of a high-capacity, cheap and safe rechargeable battery. The most widely used cathode material
is by far LiCoO2 [1, 2], however, cobalt is very expensive and there is a strong driving force to
find new cheaper and more environmental friendly cathode materials. One of the big problems
for battery application is the structural distortions that occur [3, 4] when large amounts of Li
is deintercalated during charge / discharge cycles of the battery [see Fig. 1]. Some efforts have
been made to minimize these effects e.g. by combining Co and Ni into a LiNi1−xCoxO2 solid
solution. However, this compound suffers from strong intermixing of Ni into the Li layers for
the highly delithiated state [5]. Recently, the mixed transition metal oxides (MTMO’s) of the
form LixNi1−y−zCoyMnzO2 have become the center of attention [6, 7]. In particular has the
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Figure 1. Schematic figure showing the operational principle for a standard rechargeable
battery (left). Middle panel show the archetypical atomic structure for a layered battery cathode
materials. Finally, right panel show the triangular transition metal oxide (TMO) planes that
creates the possibility for 2D frustrated antiferromagnetism (AF) within the planes. This figure
highlights that the very same layered TMO compounds can be of interest for energy applications
as well as low-temperature fundamental condensed matter physics.
LixNi1/3Co1/3Mn1/3O2 compound [8] been put forward as one of the most promising battery
electrode materials for the future. The structure of these compounds is the same as for the
fundamental LiCoO2 i.e. a rhomohedral lattice (space group R3m) where Ni/Co/MnO2 planes
are stacked between nonmagnetic Li layers along the c-axis [see Fig. 1]. In similarity with LiNiO2
some intermixing of Ni in the Li layers can be expected. However, in this particular case, this
actually helps to stabilize the structure and improve capacity retention [9].
In addition to their extensive use in energy related applications, these materials also display
very interesting and complex magnetic properties at lower temperatures. This is due to the 2D
triangular antiferromagnetic (AF) lattice [10] (see also Fig. 1) created by the transition metal
ions. For the LixNi1/3Co1/3Mn1/3O2 compounds the situation is even more complex since a
combination of three different transition metals is present within the geometrically frustrated
magnetic planes [11, 12, 13]. In this paper we have investigated both the low-temperature
magnetic properties as well as the high-temperature ion-diffusion for two LixNi1/3Co1/3Mn1/3O2
samples (x = 1 and 0.3) using muon spin rotation/relaxation (µ+SR).
2. Experimental Details
Powder samples of LixNi1/3Co1/3Mn1/3O2 compound were prepared at Uppsala University,
Sweden. For the low-temperature magnetic measurements, two samples (x = 1 and 0.3) of
approximately 1 g each were placed in small envelopes made of very thin Al-coated Mylar tape
and then attached to a low-background, fork-type, sample holder. Subsequently, high-resolution
µ+SR spectra were measured at the (continuous, DC) Swiss Muon Source (SµS), Paul Scherrer
Institute, Villigen, Switzerland. By using the muon beamline piE1 with the Dolly spectrometer,
zero-field (ZF) and weak transverse-field (wTF) spectra were collected for 2 K ≤ T ≤ 150 K.
For the ion-diffusion experiments, approximately 2 grams of the same samples were pressed into
two discs with a 24 mm diameter and 1.5 mm thickness. Inside a helium glove-box the discs
were packed into a Au-sealed (gold O-ring) powder cells made of pure titanium using a thin
(100 µm) Kapton film as ’entrance window’ for the muons. In addition, a silver mask with a
hole matching the samples diameter was mounted onto the cell to ensure that the any minor
background signal is non-relaxing over a wide temperature range. The cell was mounted onto
the Cu end-plate of a liquid-He flow-type cryostat in the temperature range between 10 and
500 K. Subsequently, ZF-, wTF- and LF-µ+SR spectra were collected using the RIKEN-RAL /
ARGUS spectrometer at the pulsed muon source ISIS/RAL in UK. The experimental techniques
are described in more detail elsewhere [14].
3. Results and Discussion: Low-temperature Magnetic Properties
To obtain a first insight into the nature of the magnetic order in these compounds, we acquired
zero-field (ZF) data at the lowest temperature (T = 2 K). The µ+SR time spectrum show
no indication of spontaneous muon precession, but rather only a fast exponentially decaying
signal for both samples [see Fig. 2(a-b)]. Such signal indicate either a wide field-distribution,
which is typical for spin-glasses (SG) or the presence of dynamical correlations. However, recent
magnetometry measurements of our samples (x = 1 and x = 0.3) using zero-field-cooled (ZFC)
and field-cooled (FC) protocols [15] clearly show a divergence around T = 10 K, which is a
clear indication for a magnetically frustrated SG state. Further, information obtained also from
related compounds using magnetometry as well as µ+SR [11, 12, 13] clearly favours the static
SG scenario . The ZF data was found to be well fitted to the sum of a very fast exponentially
relaxing signal and a slower decaying stretched-exponential function:
A0 PZF(t) = Afast · e−λfastt +Aslow · e[(−λslowt)
n], (1)
This kind of stretched exponential relaxation is found to appear in a range of different systems,
however, they are commonly connected to SG systems [16] containing geometrical frustration
e.g. the title compound. In similarity to our previous µ+SR studies of the closely related
Li(Ni0.8Co0.1Mn0.1)O2 compound [13], we find that also the present compounds enter into a
disordered spin-glass (SG) state at lowest temperature (T = 2 K). Further, from the fits to
Eq. 1 the critical exponent n reaches a value n ≤ 1/2 [nx=1 ≈ 0.41 and nx=0.3 ≈ 0.44],
indicating a decreased dimensionality (most likely 2D, considering the layered structure). From
ZF measurements at T = 30 K as well as T = 100 K it is evident that both samples are in a
paramagnetic state above at least T = 30 K [see insets Fig. 2(a-b)].
To further investigate the PM to SG phase-transition we also performed detailed weak-
transverse field (wTF =50 G) measurements as a function of temperature. The wTF µ+SR
time spectra for selected temperatures are shown in Fig. 2(c-d). Around T = 10 K a total
suppression of the externally applied field is seen as annihilation of the wTF asymmetry (ATF).
The data is found to be well fitted by a combination of an exponentially relaxing cosine oscillation
and a fast relaxing component (the latter becomes dominant at and below the transition):
A0 PTF(t) = ATF cos(2pifTF · t+ φTF) · e−λTFt +Afast · e−λfastt , (2)
From such fits, the temperature dependence of ATF can be extracted and a better picture of the
transition is obtained [Fig. 2(e-f)]. For both samples it is clear that a magnetic phase transition
into the previously mentioned SG state occurs at TSG ≈ 12 K where ATF drops to zero very
rapidly. This is in fact rather different from the Li(Ni0.8Co0.1Mn0.1)O2 compound [13] where we
found a gradual transition over a 50 K wide temperature range. Hence, contrary to the cluster
glass like state found for the previous compound, LixNi1/3Co1/3Mn1/3O2 is believed to enter
into a simple SG phase below TSG. This could possibly be explained by the equal distribution
of transition metals creating a higher degree of disorder on the TMO planes. Worth noticing is
also that the x = 1 sample seems to have a slightly wider transition than x = 0.3. This could be
an artefact related to too low statistics for the wTF data. Another explanation could be that
stoichiometric x = 1 samples are well known to be notoriously difficult to synthesize.
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Figure 2. Low-temperature magnetic measurements at SµS continuous muon source.
(a-b) Zero-field (ZF) µ+SR spectra at T = 2 K from the x = 1 and x = 0.3 samples, respectively.
Data are shown in the very short time-scale in order to emphasize the fast relaxing signal. Solid
line is a fit to Eq. 1. Insets show data in the longer time-scale together with a spectra at higher
temperature, which in both cases display clear Kubo-Toyabe behaviour. (c-d) weak-transverse
field (wTF = 50 G) data from the x = 1 and x = 0.3 samples, respectively, for a series of
temperatures across the magnetic transition. Solid lines are fits to Eq. 2. (e-f) Temperature
dependence of the wTF asymmetry (ATF) from the two samples. A clear entrance into a
magnetic state is observed in both cases for TSG ≈ 12 K.
4. Results and Discussion: High-temperature Li-ion Diffusion
In order to investigate Li-ion diffusion in these materials we have used our previously presented
µ+SR technique for studying solid state ion diffusion in battery related materials [17, 18]. In
similarity to our previous investigations of both Li-ion [17, 19, 20, 21, 22] and Na-ion [18]
diffusion, a series of ZF, wTF = 30 G as well as LF = 5 G and 10 G µ+SR spectra were acquired
in the temperature range between 50 and 500 K. At each temperature, the ZF and two LF
spectra were fitted by an exponentially relaxing dynamic Kubo-Toyabe (KT) function plus a
small background signal from the fraction of muons stopped mainly in the silver mask:
A0 P (t) = AKTG
DGKT(∆, ν, t) exp(−λt) +ABG (3)
Furthermore, a global fitting procedure was employed over the entire temperature range using
a common alpha (α) and background asymmetry (ABG), but with temperature dependent field
fluctuation rate (ν) and relaxation rate (λ). The static width of the local field distribution (∆)
was from individual fitting found to be more or less independent of temperature and was finally
also treated as a common parameter for the global fit over the entire temperature range for each
sample [∆x=1 ≈ 0.35 · 106 s−1 and ∆x=0.3 ≈ 0.24 · 106 s−1].
Below T ≈ 120 K, the spectra display a clear static behavior as shown for instance by
the T = 50 K spectra for the x = 1 samples in Fig. 3(a). However, above Tdiff ≈ 125 K
clear dynamic contribution sets in, which increases strongly with temperature, as shown in the
T = 450 K spectra for the x = 1 sample [Fig. 3(b)]. The temperature dependence of the Li-ion
hopping rate [ν(T )] obtained from fitting both data sets to Eq. 3 are shown in Fig. 3(c-d) for the
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Figure 3. High-temperature diffusion measurements at ISIS pulsed muon source.
Zero-field (ZF) and Longitudinal-field (LF = 5 and 10 G) µ+SR time spectra collected at (a)
T = 50 K and (b) T = 450 K for the x = 1 sample. Solid lines are fits to Eq. 3. (c-d) Temperature
dependence of the Li-ion hopping-rate [ν(T )] obtained from our µ+SR experiments for x = 1
and x = 0.3 samples, respectively. (e) Li+-ion jump-paths and distances within the lithium
planes. (f) Resulting Li-ion diffusion coefficient (DLi) for the current two LixNi1/3Co1/3Mn1/3O2
samples shown as filled blue triangles. Also shown are results from previous µ+SR measurements
on similar samples with different x [23] (open circles) as well as from the LixCoO2 compound
[17] (filled yellow squares) together with a calculated curve for DLi in LixCoO2 as solid black
line [3].
x = 1 and x = 0.3 samples, respectively. As seen, ν(T ) displays a clear diffusive behavior above
Tdiff ≈ 150 K for both samples. By fitting ν(T ) to an Arrhenius type equation [dashed line in
Fig. 3(c-d)], it is possible to extract the activation energy Ea ≈ 100 meV for both samples. If
we assume that ν(T ) is a direct measure of the Li-ion hopping rate we can then express the
diffusion coefficient DLi as [24]:
DLi =
n∑
i=1
1
Ni
Zis
2
i ν, (4)
Here, Ni is the number of possible Li jump sites for the i:th path, Zi is the vacancy fraction, si
is the jump distance and ν is the hopping rate obtained from our µ+SR experiments. For the
current samples there are in similarity to LixCoO2 samples 2 different jumping paths to either
a partly occupied Li-ion site (N1 = 6, Z1 = 1 − x and s1 = a-axis = 2.86347(2) A˚) or to an
empty interstitial site (N2 = 3, Z2 = 1 and s2 = a-axis/
√
3) [see also Fig. 3(e)]. As a result
we can calculate DLi at 300 K for our two samples as D
300K
Li [x = 1] = 3.5 · 10−12 cm2s−1 and
D300KLi [x = 0.3] = 5 · 10−12 cm2s−1, respectively. If we insert such values in a graph showing DLi
from previous measurements of LixNi1/3Co1/3Mn1/3O2 samples [23] we clearly see that the value
for x = 1 is fully reproducible. Our new data for x = 0.3 falls where one can expect considering
the previous measurements of x = 0.49 samples. Please note that a different sample provider
was used for the current study as compared to previously published data [23].
An interesting detail appears when looking at the first principle calculations for DLi in the
closely related LixCoO2 compound [3] [see solid black line in Fig. 3(f)], several sharp minima at
e.g. x = 0.33 and x = 0.5 are visible. Such minima are related to different type of Li-vacancy
ordering. However, from the present and previous measurements on LixNi1/3Co1/3Mn1/3O2 for a
series of different Li-content, x, it seems clear that no such minima are present in this compound.
This is probably reasonable since the disorder in the MTMO planes would create an unfavorable
environment for the spontaneous formation of any Li-vacancy ordering.
5. Summary
By the use of a positive muon-spin rotation and relaxation (µ+SR) technique we have
investigated the mixed transition metal oxide battery cathode material LixNi1/3Co1/3Mn1/3O2.
Low-temperature (T = 2− 100 K) measurements show that this compounds enters into a spin-
glass like magnetic state below approximately T = 12 K for both lithium contents x = 1 and
x = 0.3, respectively. High-temperature (T = 50− 500 K) investigations show details regarding
the Li-ion diffusion process in these compounds. Above Tdiff ≈ 125 K the lithium ions start
to diffuse as seen from the exponential increase of the hopping rate ν(T ). We are able to
extract the activation energy for the diffusion mechanism as Ea ≈ 100 meV, which seems to be
approximately independent of the lithium content x.
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